The effect of magnetic fields on flows of ferrofluids enters the basic hydrodynamic equations by an expression for the relaxation of magnetization of the fluid. Despite intense investigations of ferrohydrodynamics, the question of the appropriate approach to describe the magnetization outside equilibrium is still open. By a comparison of experimental and theoretical data of a Taylor Couette system as a model system, this question is highlighted in this paper. The fluid cell of the Taylor Couette system is subject to a homogeneous axial magnetic field and the flow profiles are measured by ultrasound Doppler velocimetry. In this paper, experimental results concerning the transition from circular Couette flow to Taylor vortex flow at different axial magnetic field strengths are measured, compared to theory and discussed.
Motivation
By affecting the viscous properties, magnetic fields yield strong influence on the flow behaviour of ferrofluids. One reason for the change of viscous properties of ferrofluids under magnetic field influence is the hindrance of free particle rotation: In a flowing ferrofluid, the vorticity of the flow and a non-parallel magnetic field exert A flow field, with a not vanishing component of vorticity perpendicular to the magnetic field, turns the magnetic dipoles out of magnetic field direction. The magnetization of the fluid is now not only dependent on the magnetic field, but also on the flow field. It is thus not describable by the equations for equilibrium magnetization anymore. Therefore an equation to describe the magnetization outside equilibrium is necessary.
The magnetization outside equilibrium is reflected by an expression for the relaxation of magnetization as part of the basic equations of ferrohydrodynamics. Since there exist different approaches to describe the relaxation of magnetization, the adequate one has to be distinguished.
A comparison of theoretical and experimental data of a model system allows to study this question in detail. As a model system, a Taylor Couette system has been chosen to investigate the influence of magnetic fields on the flow of ferrofluids. A Taylor Couette system consists of two concentric, rotary cylinders where the gap between the cylinders is filled with a fluid.
The flow regimes that may be produced with a Taylor Couette system are quite numerous, as was investigated extensiveley by [2] . In this paper, the influence of a magnetic field on the transition from subcritical circular Couette flow (CCF) to Taylor vortex flow (TVF) is investigated experimentally and compared to predictions of a linear stability analysis (LSA).
Experimental
The inner cylinder of the Taylor Couette system has a radius of r 1 =10 mm and the outer cylinder a radius of r 2 =20 mm, yielding a radius ratio of and a width of d=10 mm of the fluid gap. With the height of the fluid gap of h=200 mm, this results in an aspect ratio of =20. The inner cylinder is designed as a rotary shaft of 400 mm in length ( Figure 1 ). Driven by synchron servo motors, both cylinders may rotate in either direction. The fluid cell of the Taylor Couette system is subject to a homogeneous axial magnetic field. Since the homogeneity of one pair of coils is not sufficient, an arrangement of four magnetic field coils was chosen. The radii and distances of the coils to each other were calculated using a method as described by [3] . An example for such an arrangement of coils is also given in [4] .
The flow in the fluid gap is measured by means of ultrasound Doppler velocimetry. With the ultrasound transducer being placed at the outer cylinder wall on top of the fluid cell, axial velocity profiles get measurable and the different flow regimes distinguishable.
As already mentioned in section 1, the transition from subcritical CCF to TVF is in the focus of this paper. CCF occurs, when the inner cylinder is rotating at a Reynolds number below a critical value R1c ( f1 denotes the rotational frequency of the inner cylinder and v the kinematic viscosity of the fluid). Then the fluid in the middle of the fluid gap may be considered as moving in purely azimuthal directions around the inner cylinder. With the axial velocity components being the measurement device. In supercritical TVF, the fluid is moving helically around the inner cylinder. Here, the axial velocity components of the vortices form a sinusoidal velocity profile.
The experiments were carried out with a magnetite based ferrofluid in a kerosene carrier, the basic fluid properties of which are given in Table 1 . The magnetization curve of the fluid as shown in Figure 2 has been obtained by measurements done with a vibrating sample magnetometer (VSM).
The rheological investigations of this fluid did not show any magnetoviscous effect, which indicates a negligible interparticle interaction [5] . Hence, the effects observed in the experiments may be solely ascribed to the hindrance of free particle rotation. 
Theoretical
To the hindrance of free particle rotation, only magnetically hard particles may contribute. The relaxation rate of magnetically hard particles depends on the particle size by the equation for the Brownian relaxation rate B [6] T the temperature, D the particle core diameter, and s the thickness of the nonmagnetic particle layer.
In this paper, the relaxation rate B is not constant, but based on the equation
assumed to be a function of the magnetic field [9] . In this work, serves as a fit parameter. In Figure 3 , (H ext ) is plotted vs. the magnetic field H ext using equation (2) . The full numerical procedure of the LSA is described in [7] . For convenience, the Debye relaxation equation [6] discussed in this paper shall be introduced shortly.
The simplest model to describe the magnetization outside equilibrium is the Debye model, denoted here as Debye: (5) This model implies a relaxation of the magnetization M towards the equilibrium magnetization Meq with a relaxation rate in a frame rotating with the vorticity of the flow u. As relaxation rate, the field dependent relaxation rate as introduced with equation (2) is used. 
Results and Discussion
In Figure 4 , the critical Reynolds number R1c at which TVF sets in, is plotted in a reduced form (R1c(H)/R1c(H=0) 1) as a function of applied magnetic field strength. The reduced form of R1c showed to be helpful in order to be able to compare measurements at different rotation rates of the outer cylinder. R2 denotes the Reynolds number of the outer cylinder and k the axial wave number of the Taylor vortices [10] .
With R 2 =0, k=2.8274 and a weak magnetic field, R1c(H) already gets shifted significantly to higher values, followed by a saturation behaviour at higher field strengths.
This behaviour is similar for a flow state with R 2 = 23.9, k=3.1416. Due to the fact that the flow structure decays to lower wave numbers, the measurements for R 2 =0, k=3.1416 and R 2 =23.9, k=2.8274 at higher field strengths were not possible. This behaviour is qualitatively well in accordance to numerical findings of [7] .
When compared to experimental data, a LSA based on the Debye equation with a field dependent relaxation time is well in agreement ( Figure 4 ; R 2 =0; k=2.8274). In this first approach, the relaxation time used for the LSA is assumed instead of being based on the concrete particle size distribution of the ferrofluid. However, based on equation (1), the relaxation time B =0.03 ms results in a quite realistic mean particle diameter of 23 nm for the fraction of magnetically hard particles.
The LSA fits well to the experiment for R 2 =0, k=2.8274 and R2 = 23.9, k=3.1416. The disagreement for R 2 =0, k=3.1416 and R 2 =23.9, k=2.8274 is quite significant. The reason for this may be found in the fact that the relaxation behaviour of a ferrofluid is governed not just by one single relaxation time but superposed by different relaxation rates of particles of different sizes. It remains to be seen if a LSA based on the concrete size distribution of the ferrofluid agrees better with the experiments. R2 is the Reynolds number of the outer cylinder, k is the axial wave number scaled by the gap width. R2 < 0 denotes a counterrotating outer cylinder.
Outlook
Aside comparisons of experimental data and LSA based on different relaxation equations [1, 6, 8] and the particle size distribution of the fluid used, investigations concerning the effect of a magnetic field on other flow regimes like wavy vortices or spiral flows are in progress and already delivered some results.
A comparative experimental study using a Cobalt ferrofluid featuring high interparticle interaction and the ferrofluid introduced in this paper delivered some insight into microstructural processes of the fluids.
Results of the studies will be presented at the conference.
